ABSTRACT The feasibility of establishing probiotic bacteria in the intestine of broiler chickens by in ovo inoculation was investigated, followed by verifying possible subsequent protection against Salmonella Enteriditis infection. In a first study, 7 commercially available probiotics were screened for compatibility with in ovo inoculation. Two of these probiotics, one being a Enterococcus faecium and the other a Bacillus subtilis, were selected for colonizing the chick gut without compromising hatchability. In a second study, these 2 products were administered in ovo and in the feed to chicks reared until 18 d in comparison with noninoculated chicks and with chicks fed an antibiotic. All chicks were orally challenged with Salmonella Enteritidis at 4 d of age. Results showed reduced performance of Salmonella Enteritidis challenged chicks fed no additives compared with challenged chicks fed antibiotic, but no significant differences in mortality was observed. Probiotics offered in ovo or through the diet could only partially recover performance compared with antibiotic-fed chicks. A significant reduction in the number of Salmonella Enteritidis positive chicks was observed when chicks were in ovo inoculated with E. faecium and continued receiving it in the diet. This work establishes standards for future in ovo colonization research and emphasizes its value as a promising method to deliver individual precise dose of probiotics to poultry in mass scale at the earliest possible age based on the competitive exclusion concept. In ovo colonization with probiotic can therefore become an important ally in combination with other approaches to combat Salmonella and other intestinal bacterial infections in poultry.
INTRODUCTION
At birth, animals receive a natural inoculation of microbes, which establish themselves into the intestine. The colonization of beneficial bacteria allows the animal to resist potential environmental challenges. In mammals, this inoculation happens during parturition, with bacteria living in the vaginal mucus, and through breast feeding (Penders et al., 2006; Flint and Garner, 2009 ). In birds, colonization happens in the nest through contact with the hen and nest materials (Mills et al., 1999) . Modern poultry production excludes the contact between chick and the hen, and depends mostly on bacteria present in the hatchery and barn environment (Nisbet et al., 1994; Sterzo et al., 2005) . Knowing that the first contact with microbes may include pathogens, leaving neonatal intestine colonization open to chance is an unnecessary risk if you can intentionally inoculate them to probiotic bacteria (Cukrowska et al., 2002) . Human studies have shown that there are marked differences in timing of colonization and bacterial populations between infants born vaginally compared with those born by cesarean. These differences persist for months or even throughout the whole life of those individuals (Schultz et al., 2004; Rao et al., 2009) , with the down side that cesarean born babies are usually more susceptible to intestinal disorders (Grönlund et al., 1999; Penders et al., 2006; Cochetiere et al., 2007) . According to Hashemzadeh et al. (2010) , artificial incubation in poultry also delays enteric tract colonization by desirable microorganisms due to lack of contact with adult birds. Initial microbe colonization is not only important to prevent pathogenic bacteria to colonize by competitive exclusion, but it is also very important to stimulate the development and maturation of the immune system (Cukrowska et al., 2002; Lu et al., 2003) . Gut health and function are key factors in the supply of all necessary nutrients for growth and maintenance, especially in newborn animals with high growth rates In ovo inoculation of chicken embryos with probiotic bacteria and its effect on posthatch Salmonella susceptibility (Amit-Romach et al., 2004; Foye and Black, 2006) . Unwanted intestinal conditions caused by dysbacteriosis or parasites can disrupt the crucial uptake of nutrients. Also, some bacteria present in the intestine of livestock can pose an important food safety risk to human health upon consumption of animal products (Jain et al., 2009) . Unwanted intestinal conditions were usually controlled by adding low doses of antibiotic growth promoters (AGP) and coccidiostats to commercial poultry diets (Craven, 1995; Mateos et al., 2002; Buchanan et al., 2008; Flint and Garner, 2009) . The agriculture industry is reducing or even eliminating drug use as growth promoters in animal diets (Casewell et al., 2003; Barug et al., 2006; Buchanan et al., 2008; Menconi et al., 2011) . Therefore, many alternatives to AGP have appeared in the market (Buchanan et al., 2008; Kim et al., 2011) . Ideally, the best approach to avoid drug use would be to avoid pathogen colonization in the first place. One way to achieve this can be intentional colonization with known nonpathogenic bacteria, to create an environment that prevents pathogen establishment (Cukrowska et al., 2002) . In birds, colonization is considered to take place after hatching (Amit-Romach et al., 2004) , although there is scientific evidence indicating that live bacteria can be found in small numbers in the chick intestine before hatch (Pedroso, 2009; Bohorquez, 2010) . Still, probiotics are routinely fed in prestarter and starter diets. Unfortunately, chicks can be exposed to pathogens while still at the hatchery, during hatching, sexing, vaccination, and transport, even before they consume their first feed. Salmonella is still one of the most prevalent food safety risks and has always been associated with poultry products (Craven, 1995; Jain et al., 2009) . Previous attempts to establish intestinal microflora through in ovo inoculation failed due to high embryonic mortality and lower level of protection against Salmonella compared with oral application of probiotic (Meijerhof and Hulet, 1997) . With the advances of in ovo inoculation techniques, it is possible to present the poultry embryo's digestive tract with external material before hatching. This research explored the effects of inoculating chicken eggs with probiotic bacteria before hatch and its impact on posthatch Salmonella colonization susceptibility.
MATERIALS AND METHODS

Experiment 1
A total of 960 Aviagen Ross 308 broiler chicken eggs were purchased from a commercial hatchery (Morren BV, Lunteren, the Netherlands) and incubated under standard conditions (37.5°C and 54% RH). At arrival, the eggs were individually weighed and divided into 32 flats of 30 eggs each, with similar average egg weights per flat (67 g). Groups made of 2 flats of eggs were assigned to 1 of 16 treatments, resulting in 60 eggs per treatment. The treatments consisted of 7 different commercially available probiotics inoculated at 2 doses, a negative (noninjected), and a positive (carrier-injected) control group. The list of probiotic bacteria in each product and their inoculated dose per egg is given in Table 1 .
In Ovo Inoculation. At 17.5 d of incubation (E), all eggs except the negative control were injected with 500 μL of their respective solution into the amniotic fluid according to the procedure described by Tako et al. (2004) . All eggs (including the negative control) remained outside the incubator for the same amount of time (approximately 15 min). The eggs were disinfected with 70% ethanol and then a hole was punched into the shell at the blunt end of the egg (air-cell chamber) with a 22-ga needle. The eggs were then injected using a repeating pipette (Eppendorf Repeater Plus Pipettor, Eppendorf, Nijmegen, the Netherlands) attached to a 23-ga needle. All eggs were injected by the same individual to reduce variation. The shell holes were sealed with adhesive tape before eggs were returned to the incubator. Embryo Sampling. Twelve eggs per treatment were randomly chosen for sampling at 19E (48 h after inoculation). The eggs were weighed and then opened through the blunt end. Embryos were euthanized by cervical dislocation and dissected to weigh both yolkfree body and yolk sac. These weights were used to calculate embryo yolk-free body mass (YFBM) and yolk-sac size, both expressed as percentage of original egg weight. The gizzards of sampled embryos were removed, opened, and had their contents snapped-frozen for PCR analysis of total bacterial DNA. Treatment sampling order was rigorously followed, starting with noninoculated controls (NCON), carrier-injected positive control (PCON), and then bacteria inoculated eggs (always from lower to higher dose) with full disinfection of material and surfaces between treatments.
Hatch Sampling. At hatch, the number of live hatched chicks and nonhatched chicks was counted to determine hatchability of fertile eggs (%). Nonhatched eggs were opened to determine cause of death. After all hatched chicks were weighed, 12 chicks from each treatment were randomly selected for sampling. Chick length was measured (Hill, 2001; Lourens et al., 2006) and corrected for initial egg weight. The other external biometric parameter measured was chick leg shank relative asymmetry (RA) measured according to Yalcin et al. (2003) . The chicks were then weighed, euthanized by cervical dislocation, and had both their ceca removed. One cecum was used for PCR analysis and the other for plate culturing. Remaining yolk sacs were also weighed. As for 19E sampling, chick YFBM and remaining yolksac weights were expressed as a percentage of the initial egg weight.
Determination of Bacterial Counts. The bacterial presence was determined at 2 time points, 2 d after in ovo inoculation (19E) and at hatch. Measurements were done using 2 methods. The first method was developed using a universal quantitative PCR (qPCR), which universally targeted the 16S rRNA encoding bacterial DNA. The qPCR was performed using the Applied Biosystems 7500 Fast Real-Time PCR system (Life Technologies Europe BV, Bleiswijk, the Netherlands) on optical grade 96-well plates. The reaction mixture contained Diagenode Master Mix (Diagenode S.A., Liège, Belgium) and qPCR primers based on the 16S ribosomal DNA sequence, being 16S-UniF1: CGAAAGCGTGGGGAGCAAA (764-782), 16S-UniR1: GTTCGTACTCCCCAGGCGG (894-879), and 16S-UniP, FAM/MGB: ATTAGATACCCTGG-TAGTCCA (787-807).
The qPCR results were converted to cell equivalents (CE). In short, 150 μL of 10% dilution of the intestinal samples was homogenized in a BeadBeater (BioSpec Products Inc., Lab Services B.V., Breda, the Netherlands) for 2 min with zirconium beads (0.1 mm) and phenol. After cooling on ice, the samples were centrifuged and the DNA containing the upper phase was transferred to new tubes for DNA purification with a commercial DNA isolation kit (Agowa, LGC Genomics, Berlin, Germany), following the manufacturer's instructions (van der Hoeven-Hangoor et al., 2013) . Serial dilutions of bacterial cells and their colony counts were used as controls for the qPCR assay. To calculate CE, the amount of DNA per cell was assumed to be approximately 3 fg (Christensen et al., 1995; Button and Robertson, 2001; Nadkarni et al., 2002) , so CE/mL = (DNA Qty qPCR/3fg) × (1,000 μGl/150 μGl). This method was used to determine the bacterial count in the gizzard of embryos at 19E (48 h after inoculation) and in the ceca of chicks at hatch. These organs were chosen at these specific ages because they are filled with digesta contents at these respective times. The second method was plate counting of 10-, 1,000-, and 100,000-fold diluted samples. The bacteria were allowed to grow on differential agar media for 48 h to analyze the number of colony-forming units (cfu/mL). Based on our own laboratory tests previously performed with these probiotic products, 2 media and incubation conditions were used: tryptic soy agar under aerobic conditions (PRB1, PRB2, PRB4, and PRB7) and de Man, Rogosa and Sharpe medium under anaerobic conditions (PRB3, PRB5, and PRB7). This method was used to determine the number of cfu per milliliter in fresh cecal samples from chicks at hatch. Swabs were taken from the incubator hatching trolley, table surfaces, and walls in the hatchery after sampling to determine the number of bacteria cfu present in the environment.
Experiment 2 Production of Chicks Colonized with Probiotics.
A total of 450 Aviagen Ross 308 broiler chicken eggs from a 40-wk-old breeder flock were purchased from the same commercial hatchery as in experiment 1, and incubated under standard conditions (37.5°C and 54% RH). At arrival, the eggs were individually weighed and divided into 2 groups of 180 eggs, and subdivided into groups of 10 eggs (replicates) with similar average egg weights (57 g). Each group was incubated in 1 of 2 identical incubators (NMC 2340, NatureForm Europe Limited, Oxfordshire, UK). Additionally, 2 groups of 45 eggs were set as NCON, one in each incubator (NCON incubator 1 and NCON incubator 2). The inoculated treatments consisted of 2 probiotics chosen from experiment 1 (PRB5 Enterococcus faecium and PRB7 Bacillus subtilis). Inoculations were done at one dose (PRB5-1 at 5 × 10 9 cfu/egg and PRB7-1 at 16 × 10 9 cfu/egg) using the same method described in experiment 1. All eggs belonging to the same treatment were set in the same incubator to avoid cross contamination between probiotics. Because it was not possible to avoid cross contamination inside each incubator, there was no reason to produce groups of control chicks for the growth-out trial, so all eggs in each machine were inoculated except the 45 eggs used to verify cross-contamination. The objective was to produce 96 male chicks colonized prior to hatch with each probiotic bacteria for a growth challenge study.
Hatch Evaluation. As done in experiment 1, the number of live hatched chicks and nonhatched chicks were counted to determine hatchability (%). Nonhatched eggs were opened to determine cause of death. After all chicks were weighed and sexed, 10 female chicks from each treatment were euthanized by cervical dislocation and were dissected to measure YFBM and remaining yolk-sac, as done in experiment 1. Sampled chicks also had their ceca removed to determine the number of bacteria present by plate culture the same way as described in experiment 1. Environmental samples from hatchery air, walls, and surfaces were also taken (swabs) to determine the bacterial load in the room during sampling.
Grow-Out Challenge Study. To test the posthatch effects of chicks colonized with probiotics in ovo, a grow-out Salmonella challenge study was carried out. A total of 288 Aviagen Ross 308 male chicks were distributed into 6 treatments, with 9 replicates (cages) and 6 chicks per replicate. Each cage was equipped with 2 nipple drinkers and 1 feed trough (outside the cage). The wire cage floor did not allow the birds have contact with excreta, and plastic partitions prevented birds from one cage to contact birds in neighboring cages. At 3 d of age, all chicks were individually challenged with 0.4 mL of 10 6 cfu of Salmonella Enteritidis by oral gavage. The treatments of the grow-out study are described in Table 2 . Chicks used in treatments PRB5_IO and PRB7_IO were the in ovo inoculated chicks previously described. Chicks for treatments NC, PC, PRB5, and PRB7 came from the same batch of eggs as treatments PBR5_IO and PRB7_IO, but were incubated at a commercial hatchery (no inoculation). All chicks had similar average BW (41 g). Chicks were not vaccinated in ovo or posthatch, but tested negative for Salmonella presence. The experimental diet compositions can be found in Table 3 . A wheat basal diet containing NSP enzyme (isocaloric and isoproteic) was formulated to fulfill or exceed the chicks' requirements according to CVB tables (CVB, 2006) , to which the testing products were added to subbatches at the expense of wheat. The diets were fed as fine mash. Feed and water were offered ad libitum, with exception of 2 h feed restriction before Salmonella inoculation. The grow-out period lasted 17 d, and the performance parameters calculated at the end of the period were BW gain (WG), feed intake (FI), and feed conversion rate (FCR). Chick performance data were also used to calculate the European Performance Index (EPI; De Herdt et al., 1999) . Prevalence of Salmonella was assessed at the end of the grow-out period by collecting cecal swabs from all birds at 17 d and analyzing them for Salmonella presence. Salmonella Enteritidis inoculum and subsequent sample analysis were provided by Nutricontrol (Veghel, the Netherlands).
All statistical analysis were performed using the Fit Model procedure of JMP (SAS Institute Inc., 2008). Means were separated using least squares means Student's t-test (P < 0.05).
RESULTS
Experiment 1
In this experiment, several different probiotics was tested for their dose and compatibility with in ovo inoculation. Hatchability of chicks inoculated with different probiotics in experiment 1 can be found in Figure  1 . Great variability was found for hatchability between different sources and doses of probiotics (Figure 1 ). In ovo administration of carrier (PCON) or probiotic reduced hatchability by about 10% compared with noninjected NCON (98% hatch), with exception of PRB7-1 (95%; Figure 1 ). The results of biometric evaluation showed that chick length increased with PRB1, PRB2, and PRB7 compared with PCON (P < 0.05). The RA also increased (P < 0.01) in chicks inoculated with PRB2 and PRB6 compared with both control groups (Table 4) .
Experiment 2
Hatchability and Gut Colonization. The different characteristics of the 2 bacteria inoculated were clearly demonstrated by recovery of bacteria in the hatchery environment and the presence and viability of the inoculated bacteria in the chicks' ceca (Figure 4) . Bacillus (PRB7) was found in small amounts (<10 2 cfu/mL) in the hatchery environment, and concentrated in incubator 1, which received the eggs inoculated with PRB7. Enterococcus faecium (PRB5) was found in the incuba- -injected) ; PRB1-1 = probiotic 1, dose 1; PRB1-2 = probiotic 1, dose 2; PRB2-1 = probiotic 2, dose 1; PRB2-2 = probiotic 2, dose 2; PRB3-1 = probiotic 3, dose 1; PRB3-2 = probiotic 3, dose 2; PRB4-1 = probiotic 4, dose 1; PRB4-2 = probiotic 4, dose 2; PRB5-1 = probiotic 5, dose 1; PRB5-2 = probiotic 5, dose 2; PRB6-1 = probiotic 6, dose 1; PRB6-2 = probiotic 6, dose 2; PRB7-1 = probiotic 7, dose 1; PRB7-2 = probiotic 7, dose 2.
tor that received eggs inoculated with these specific bacteria (incubator 2) and in open air, but at much higher numbers compared with Bacillus (PRB7; 2.5 × 10 2 and 5 × 10 2 cfu/mL, respectively). This demonstrates that, first, the bacteria inoculated were viable and correctly administrated because we could recover them in their respective incubators, and second, that E. faecium (PRB5) is a much more versatile bacteria able to grow in both media and spread in the environment at higher numbers compared with Bacillus (PRB7; Figure 4A) .
The NCON chicks hatched in incubator 1 had basically no bacteria in their ceca ( Figure 4B ); this would be the expected result of a regular chick hatched in a noncontaminated and noninoculated environment (Nisbet et al., 1994; Amit-Romach et al., 2004; Sterzo et al., 2005) . Unexpectedly, NCON chicks hatched in incubator 2, where their counterparts were inoculated with PRB5, had the exact same bacteria profile and number as the inoculated chicks ( Figure 4B) . Salmonella Challenge. The posthatch performance of the chicks in this present study showed that Salmonella colonization reduced broiler performance (−10% WG, −5 points FCR, and −41 points EPI, P < 0.05) as indicated by the significant difference between NC and PC (antibiotic, Table 5 ). In this trial, the performance of chicks that received probiotics, in ovo or in the feed, remained statistically intermediary. This was the case for PRB5 (E. faecium) in the feed (only), which had the best general performance not differing from PC (antibiotic) for any performance parameter (Table 5) . Although, when chicks were inoculated in ovo with PRB5, their performance was not improved after Salmonella infection. Chicks fed PRB7 (Bacillus) still showed lower WG but similar FCR and EPI compared with PC (Table 5 ). In general, the performance of all chicks that received probiotic, independent of bacteria or method, was numerically superior to NC for all measured parameters (Table 5) .
DISCUSSION
Oral inoculation with probiotic bacteria at birth has been proposed since the beginning of the 1900s, and 2 YFBM = yolk-free body mass; E = day of incubation; corr. = corrected for initial egg weight; NCON = negative control (noninjected); PCON = positive control (carrier-injected); PRB1-1 = probiotic 1, dose 1; PRB1-2 = probiotic 1, dose 2; PRB2-1 = probiotic 2, dose 1; PRB2-2 = probiotic 2, dose 2; PRB4-1 = probiotic 4, dose 1; PRB4-2 = probiotic 4, dose 2; PRB5-1 = probiotic 5, dose 1; PRB5-2 = probiotic 5, dose 2; PRB6-2 = probiotic 6, dose 2; PRB7-1 = probiotic 7, dose 1; PRB7-2 = probiotic 7, dose 2. it is now recognized as a way to reduce risk of intestinal infection by pathogenic bacteria and allergic responses in premature and newborn babies (Cukrowska et al., 2002; Lodinová-Zádníková et al., 2003) . Feeding beneficial bacteria directly (probiotic) or dietary components that favor these beneficial microbial populations (prebiotic) or a combination of both (symbiotic) in livestock diets is becoming common practice (Mateos et al., 2002) . Previous research showed that time of initial gut colonization by bacteria and substrate of first diet may both play an important role on future susceptibility to pathogen colonization (Barrow and Tucker, 1986; Amit-Romach et al., 2004) . In a research review, Flint and Garner (2009) discussed how direct-fed microbials were able to significantly increase performance, and reduce morbidity and the incidence of pathogens in poultry fed no AGP. Probiotic benefit claims have been associated with boosting the immune status, reducing incidence and duration of diarrhea and other gastrointestinal disorders, protection against carcinogenic substances, reducing development of allergies, and reducing risk of infections of respiratory and genitourinary systems (Senok et al., 2005) . Artificial incubation prevents contact of chicks with adult birds. This causes a delay in gut colonization with desirable microorganisms and exposes them to risk of colonization with pathogenic bacteria (Hashemzadeh et al., 2010) . Salmonella is commonly found in the intestinal population of chicken and other birds (Stern, 2008) . The serotypes that cause foodborne illness are not necessary pathogenic to birds. After Salmonella establishment occurs, primarily in the ceca (Nisbet et al., 1994) , it is very difficult to eliminate and reduce shedding without using specific antibiotics. Therefore, reducing Salmonella colonization and shedding to the environment is a very important food safety measure (Craven, 1995) . Although some studies have shown that perinatal treatment of chickens with probiotic bacteria could significantly reduce Salmonella colonization and fecal shedding (Barrow and Tucker, 1986; Hashemzadeh et al., 2010; Hosseini-Mansoub et al., 2011) , others have found no effect (Yamawaki et al., 2013) . Because contact between the chick and adult birds during hatch remains an impossibility, it has been proposed that chicks should be administered with probiotic bacteria as early in life as possible (Schneitz et al., 1992) . The idea of early inoculation of the gut with probiotic bacteria as a way to reduce the risk of colonization by pathogenic bacteria is the basic concept of competitive exclusion being tested since the early 1970s (Nurmi and Rantala, 1973; Cox et al., 1992; Meijerhof and Hulet, 1997) . Previously proposed methods for early delivery of probiotics include in ovo injection (Edens et al., 1997; Hosseini-Mansoub et al., 2011; Hashemzadeh et al., 2010) , egg immersion in probiotic broth (Yamawaki et al., 2013) , oral gavage (Schneitz et al., 1992; Hashemzadeh et , and chick spraying with probiotic solution (Schneitz et al., 1992; Hashemzadeh et al., 2010; Hosseini-Mansoub et al., 2011) . Studies designed to compare the efficiency of these different methods concluded that all of them have some effect against Salmonella, but vent lip was the most effective in reducing the number of Salmonella positive birds up to 7 d, followed by in ovo inoculation into the air cell, spraying, and oral gavage (Hashemzadeh et al., 2010; Hosseini-Mansoub et al., 2011) . Another study concluded that in ovo administration and immersion in broth did not prevent Salmonella colonization (Yamawaki et al., 2013) . There was therefore evidence that in ovo colonization was possible, but their commercial application stumbled on practical issues such as reduced hatchability and higher posthatch mortality (Cox et al., 1992; Meijerhof and Hulet, 1997) . In this trial, some reduction on hatchability was caused by inoculation technique rather than by probiotic inoculation per se. Therefore, it shows that there is room for improvement of the technique to a point where there will be no difference in hatchability between injected and control chicks. Lower hatchability seems to be mostly associated with contamination followed by uncontrolled bacteria growth. Although, Edens et al. (1997) proved that it was possible to successfully inoculate Lactobacillus reuteri in ovo through the air cell and amnion without reducing hatchability. All reported work since then has concentrated in air cell inoculation of different bacteria, where hatchability was affected (Meijerhof and Hulet, 1997; Hashemzadeh et al., 2010; Hosseini-Mansoub et al., 2011; Yamawaki et al., 2013) . The reasons for these differences can be attributed to factors such as delivery technique, site of injection (air cell vs. amnion), type of probiotic bacterium, and inoculated dose. The great variability found in experiment 1 between different sources and doses of probiotics on hatchability (Figure 1 ) demonstrates the importance of considering several parameters to successfully inoculate bacteria in ovo. Among those, time of inoculation, site of injection, bacteria species and strain (as exemplified by lethality of PRB3 regardless of dose), and dose (bacterial load) can be mentioned. Dose was especially important for some of the probiotics tested in experiment 1. The PRB6 and PRB7 had hatchability reduced by half or more as the dose of bacteria doubled. It was also demonstrated that probiotic PRB3 seems not to be suitable for in ovo inoculation because it was lethal to embryos at all tested doses (Figure 1 ). Some key distinctions between the previously mentioned studies and this current study are that they all injected probiotic solutions at lower volumes (0.1-0.2 mL) into the air cell of incubating eggs around 18E, whereas in this study 0.5 mL of probiotic solutions was injected into the amniotic fluid at 17.5E. The main reasons for concentrating efforts on air cell injections were the work of Cox et al. (1992) , which showed that amnion injections of an undefined cecal culture of bacteria severely reduced chick hatchability, and the work of Edens et al. (1997) , which showed no difference between air cell and amnion inoculations. The results here presented confirmed the results of Edens et al. (1997) that based on hatchability there is no reason to avoid amnion inoculation. In fact, amnion inoculations should be preferred because they overcome limitations of other techniques such as imprecise dose reaching the chick by air cell and spraying delivery, required tolerance to low pH and digestive enzymes in oral gavage (embryonic digestion is not yet fully functional), and practical issues of individual bird inoculation of oral gavage and vent lip application (Hashemzadeh et al., 2010) . Furthermore, in ovo amnion administration of vaccines, nutrients, prebiotics, probiotics, and other components should be combined into a single procedure to guarantee individual precise delivery of an in ovo package of goods.
No other reports were found linking in ovo inoculation with probiotics and chick length or RA as found in experiment 1. Longer chicks have been associated with better use of egg nutrients and higher posthatch growth, whereas higher RA has been associated with poor skeletal development (Yalcin et al., 2003; Meijerhof, 2006; Molenaar et al., 2008; Willemsen et al., 2008) . Combining hatchability and biometrics results, the best 2 probiotics chosen were PRB5 and PRB7 at the lowest dose. This choice was further confirmed by the results of bacteria present in the gizzard 48 h after inoculation (Figure 2 ) and in the ceca at hatch (Figure 3) . These 2 treatments showed the highest number of bacteria in the contents of these organs (P < 0.05). Bacteria presence is a critical measurement to prove that inoculated probiotic bacteria was alive and viable in the gut as it passed through the digestive tract during the hatching process. There was also an interest in having these 2 bacteria represented because they are quite different from each other. The PRB5 (E. faecium) is a facultative anaerobic bacterium, whereas PRB7 (B. subtilis) is an aerobic bacterium. Both Bacillus and Enterococcus have been identified as part of a healthy cecal microflora in chickens fed diets without animal products, antibiotics, or anticoccidials (Lu et al., 2003) . The differences observed in the recovery of these bacteria in the incubator environment and in the ceca of their respective hatched chicks exemplify the great potential for fast colonization of the ceca when chicks hatch in a contaminated environment. It also demonstrates higher flexibility, survival, and growth of the Enterococcus strain compared with the Bacillus strain in hatcher conditions in this study. Moreover, it shows that if you want to control and contain chick probiotic colonization, PRB5 is the best option, but if you want to take advantage of competitive exclusion by higher presence of a known bacterium and colonize chicks without having to inoculate every egg, PRB7 would be more appropriate. These probiotics and their inoculation conditions were then confirmed in in this second experiment, where hatchability of inoculated chicks was not statistically different from the controls (Table 6 ). However, when comparing the 2 probiotics, PRB5 numerically reduced hatchability compared with PRB7 (96.11 vs. 81.67%). It also yielded chicks 3.6% lighter (P < 0.05) than PRB7 chicks expressed as a percentage of initial egg weight (Table 6) .
A lower level of protection against Salmonella of in ovo air cell inoculations compared with vent lip has been attributed to bacteria destruction in the upper digestive tract (Hashemzadeh et al., 2010 ; Hosseini-Man- soub et al., 2011), but the current findings showed that probiotic bacteria inoculated in ovo into the amnion were not killed in the upper digestive tract.
In this study, 2 methods to evaluate bacterial population were evaluated, which we believe to be complementary. The qPCR method targeting 16S ribosomal RNA (experiment 1) is a method able to detect and quantify all bacteria populations representing the microflora, whereas the traditional culture-based method (experiments 1 and 2) can give an indication of how viable the bacteria are once given favorable conditions (AmitRomach et al., 2004) . Similar comparison of qPCR and culturing methods concluded that qPCR could identify bacteria populations faster and more precisely than culturing (Hashemzadeh et al., 2010) .
The results of microflora presence at hatch and Salmonella presence at the end of the grow-out trial demonstrated that, in these conditions, even though Salmonella infection caused little mortality (data not shown), it significantly reduced performance. This reduction in performance may be dependent not only on the number of infected chicks in the flock, but also on other gut, immune, or metabolic conditions that depend on the microflora developed in the bird. In the case of PRB7 (Bacillus), inoculated chicks in ovo or only after hatch (in feed) resulted in the same level of protection against Salmonella colonization (Table 7) , therefore not justifying the in ovo procedure. Edens et al. (1997) showed that the combination of in ovo and in feed supplementation of Lactobacillus reuteri significantly reduced chick mortality under severe Salmonella Typhimirium infection. As for the responses to E. faecium given in ovo (PRB5_IO) or only posthatch (PRB5), the better response with posthatch administration may be related to the environment created by these specific bacteria in the gut when given at different times. Earlier exposure to PRB5 (in ovo) resulted in a higher bacterial load in the ceca ( Figure 4B ), and lower Salmonella prevalence at 17 d (competitive exclusion), but it did not improve bird performance. Among the possible explanations, this could mean creation of a microflora that was competing for nutrients, overstimulating the im- mune system, or overproducing/lacking some intrinsic compound. These results can be better explained after considering resilience against Salmonella colonization presented in Table 7 . As expected, the difference between NC and PC chicks was significant, so it was really due to higher Salmonella infection that performance was reduced in NC chicks. This also shows that the antibiotic chosen (Apralan) was very efficient (97%) against the Salmonella serovar tested (Tables 5 and 7 ). The intermediary performance results of PRB7, PRB7_IO, and PRB5 can be explained by the fact that these treatments did not reduce cecal presence of Salmonella (still above 80%), but they could have reduced systemic invasion of other organs as observed by Jain et al. (2009) . And finally, the observation that PRB5_IO did not change performance but increased resistance against Salmonella infection by 50% (highest among probiotic treatments) indicates that factors other than competitive exclusion can be of importance when it comes to bird performance.
Salmonella invades several organs affecting many physiological functions. Probiotic bacteria can potentially reduce systemic invasion of Salmonella, therefore improving performance. In an experiment done with mice, prefeeding with dahi containing Lactobacillus for 7 d before Salmonella Enteritidis inoculation reduced Salmonella colonization in liver and spleen by enhancing the host immune system (Jain et al., 2009 ). According to Taghavi et al. (2008) , Salmonella Typhimurium infections early in life can cause high mortality, whereas in older birds no clinical signs are seen. In this research chicks were challenged at 4 d, so we have intermediate effects where mortality was not high but performance was still compromised. Probiotic administration is not the only method to prevent Salmonella infection. It is also not probable that one single approach will be able to resolve Salmonella issues, especially in an AGP-free environment, but a combined approach with other practices such as farm biosecurity, feed strategies (particle size, pelleting, fiber, mineral chelators, acidification, optimal amino acid balance, and additives), immune enhancers, and administration of other compounds such as DNA containing CpG motifs and bacteriophages (Taghavi et al., 2008; MacKinnon et al., 2009; Vandeplas et al., 2010) .
This current research shows that the best approach for colonization of chicks as early as possible can be summarized as follows: inoculate embryos around 17.5E, into the amnion fluid, at a dose up to 10 9 cfu/ 1 n = number of birds out of 36 total. NC = negative control; PC = positive control. egg of a previously screened source of probiotic bacteria (Edens et al., 1997; Tako et al., 2004; Uni et al., 2005; Smirnov et al., 2006) . This research represents a further step in defining delivery method and conditions as well as a procedure to screen for the effects of potential probiotics. The probiotic combination able not only to reduce but also to eliminate the presence of Salmonella in broilers by market age still remains to be determined. More work is also necessary to optimize conditions under a larger scale before moving to commercial application.
